Abstract. Experimental evidence demonstrating gravity-driven wetting front instability in an initially dry natural fracture is presented. An experimental approach is developed using a transparent analog rough-walled fracture to explore gravity-driven instability. Three different boundary conditions were observed to produce unstable fronts in the analog fracture: application of fluid at less than the imbibition capacity, inversion of a density-stratified system, and redistribution of flow at the cessation of stable infiltration. The redistribution boundary condition (analogous to the cessation of ponded infiltration) is considered in a series of systematic experiments. Gravitational gradient and magnitude of the fluid input were varied during experimentation. Qualitative observations imply that finger development is strongly correlated to the structure of the imbibition front at the onset of flow redistribution. Measurements of fingertip velocity are used to develop a first-order relationship with fingertip length. Measured finger width is compared to theoretical predictions based on linear stability theory.
Viscous instability occurs when a more viscous fluid is displaced by a less viscous fluid and gravitational forces do not act to fully stabilize the interface. This phenomenon is of significant interest with respect to petroleum extraction and is amenable to controlled laboratory experimentation. Numerous theoretical and experimental studies of viscous instability in porous media and Hele-Shaw cells, which are physical analogs for saturated flow through porous media and smooth-walled fractures, are reported in the literature (see reviews by Saffrnan [1986] and Homsy [1987] ). Gravity-driven instability occurs when a dense fluid overlies a lighter fluid and viscous forces do not act to fully stabilize a displacement front. Equation (1) may be simplified for infiltration of water into a dry, air-filled Hele-Shaw cell or porous medium by neglecting the density and viscosity of air with respect to those of water. The resultant inequality (equation (2)) simply states that a downward moving infiltration front will be unstable when the flux (q) through the system is less than the gravitationally driven saturated flux given by the product of saturated conductivity (Ks) and gravitational gradient (Gg): 2533 impact on viscous instability of surface roughness on a scale that is much smaller than the mean aperture. The low viscosity and strong capillarity of water make it difficult to control boundary conditions such that a sharp transition between stable and unstable regimes is observed. As a result, water has historically been avoided as the driving fluid in Hele-Shaw experiments in favor of oil or glycerin.
To demonstrate that gravity-driven instability is a significant, real-word process, we begin by presenting an experiment performed in a natural fracture. Results of the natural fracture experiment lead to the development of an analog fracture created from rough-surfaced glass plates, thereby allowing wetting front dynamics to be studied in isolation from matrix interaction and macroscale aperture field heterogeneity. Digital imaging techniques were used to acquire detailed spatial and temporal data from the transparent analog fracture without influencing the system. Experiments demonstrating instability in the analog fracture under initially dry conditions are presented. Instability at the cessation of stable infiltration is considered in detail. A general description of flow field development is presented along with measurements of finger behavior obtained through systematic experimentation. First-order theory explaining the behavior of fingertip velocity is presented. Measured finger width is used to evaluate the applicability of linear stability theory to the finite amplitude perturbations considered in this study. Finally, we conclude by presenting a hypothetical field scenario, summarizing experimental results, and discussing potential research questions raised by this work. This experiment serves to accentuate the problems involved with the use of natural fractures. In order to develop a thorough understanding of the basic flow process it is necessary to obtain measured data from systematically varied experiments in a controlled system. In natural fractures, damage to the fracture surfaces during handling and changes in matrix pressures between successive experiments prevents accurate replication. Furthermore, fractured rocks vary significantly from sample to sample in terms of matrix interaction, aperture structure, and differential surface wettability, thereby precluding systematic variation of the relevant parameters. The only information obtainable from this experiment was the final wetted structure; data on finger velocity, dynamic structure, and the transition to instability could not be obtained. We therefore developed an experimental approach to allow systematic exploration of gravitydriven fingering in a rough-walled, transparent analog fracture.
Experimental Approach
Parameters relevant to flow through an unsaturated fracture are listed as follows.
1. Fluid properties include surface tension, viscosity, density, and contact angle. Plate 1. Wetting front instability in a natural fracture. The wetted structure implies that fluid advanced approximately 20 cm into the vertically oriented fracture as a stable front before breaking up into individual fingers. Path of the fingers shows that in this case, gravity-driven instability was the dominant process over heterogeneity-induced channeling.
2. Fracture properties include aperture distribution, spatial structure of aperture distribution, roughness length scales/microfracturing, and spatial variation of wettability.
3. Macroscopic fracture properties include geometric length scales and orientation relative to gravity.
4. Composite hydraulic properties include hydraulic conductivity, saturation/pressure relationship, and sorptivity. A second situation known to exhibit gravity-driven instability in smooth-wailed Hele-Shaw cells occurs when a dense fluid rests on top of a lighter one. This boundary condition is typically generated by "instantaneous" rotation of a stable cell in which the dense fluid is initially on the bottom [e.g., Maxworthy, 1987] . We explored this boundary condition by saturating a portion of the analog fracture by capillary imbibition from the lower boundary, yielding a macroscopically flat interface overlain by small perturbations associated with local heterogeneity. The test stand was then rapidly rotated such that the analog fracture was oriented vertically, with the experimental fluid along the upper boundary. Instability developed during rotation of the system, with fingers initiating from the most significant initial perturbations. This experiment is typically performed in smooth-walled Hele-Shaw cells using viscous liquids so that the inversion is "instantaneous" with respect to interface velocity. While these experiments served to reinforce analogies between smooth and rough-walled Hele-Shaw cells, the boundary condition could not be implemented instantaneously in this air/water system and the methodology was discontinued. Finally, with regard to the relevance of this particular boundary condition, the authors feel that should an in situ natural fracture undergo such an inversion, wetting front instability would be the least interesting of the associated phenomena.
Initial
The remainder of this paper considers the expected instability associated with redistribution of flow following the cessation of stable infiltration, as was observed in the natural fracture experiments previously discussed. In the analog system, a stable infiltration front was produced by simultaneously injecting the contents of 16 evenly spaced syringes along the upper boundary of the fracture. A reservoir enclosing the fracture boundary allowed ponding of excess fluid when input rate exceeded the imbibition capacity of the fracture. This procedure yields initial/boundary conditions analogous to the surface ponding associated with a sudden precipitation event in an arid region. Application of a finite slug allows visualization of the stable infiltration front and subsequent transition to instability. Distributing the slug through multiple point sources induces long wavelength perturbations in the advancing front (Figure 3a) . Differential application of fluid allows variation in the magnitude and spatial distribution of finite perturbations to the front.
A series of slug imbibition/redistribution experiments were conducted in the analog fracture under dry initial conditions (Table 1) 
Results and Discussion
In this study, fingers were defined as structural features of the wetting front developing after the onset of redistribution, which are narrower than the initial stable front and show significant movement in the downgradient direction. The leading edge of such features consists of a coherent body of fluid fully spanning the fracture aperture. This leading edge will be referred to as the fingertip. Quantitative measurements of finger behavior including fingertip velocity, fingertip length, and finger width were obtained from the digital images; raw data are summarized in Table 1 .
Mechanism for Instability
Total potential gradient (G t) within the wetting front associated with slug infiltration is the resultant of two sets of forces: gravitational forces acting on the fluid body as a whole and capillary forces acting along the wetting and Fifty-one experiments were performed. Experiments 5, 9, and 32 through 42 were invalidated due to operator error in the assembly process. Experiments 3, 14, and 15 were scoping experiments utilizing other boundary and initial conditions. Measurements were taken from significant, disconnected fingers. Individual absences of data are explained below. *Boundary effects invalidated velocity measurements. ?Fingers did not disconnect; this datum was not used for analysis and is shown simply for 
Limits on Fluid Application
As previously stated, the depth of fluid applied (Li) was varied between 5.4 and 37.9 cm. Fingers did not fully develop ill i was much more than half the total length of the analog fracture (61 cm). The lower limit on L i was governed by capillary forces. Equations (3) and (4) suggest that a sufficiently small quantity of fluid applied to an initially dry fracture will remain stationary within the fracture after the fluid reservoir is exhausted. For the fluid to move downward, gravitational and downward acting capillary forces must be sufficient to overcome the air entry pressure head required for drainage at the top boundary of the fracture.
Movement is expected to initiate when + -w) > 0
As Lf is correlated to L i, small infiltration fronts are expected to penetrate a short distance into the fracture and then remain pinned in place by capillary forces. Experiment 6 (L i = 9.08 cm, Gg = 0.25) exhibited borderline behavior;
for several minutes after the onset of redistribution the front appeared to be frozen (Figures 4a and 4b) . However, close examination revealed that the front was moving virtually "pore by pore" in the vicinity of maximum Lf, analogous to the process of invasion percolation modified to include gravitational effects [Glass, 1993a, b] . Approximately 24 min after injection a distinct tendril formed from the front, sharply increasing the local gradient (Figure 4c ). The rate of pore filling was seen to increase very rapidly, forming the finger seen in Figure 4d . As the tendril lengthened into a finger, flow rate increased and finger width was observed to increase substantially. The functional relationship displayed by Lf and Vt is of limited predictive utility; Lf is a dynamic variable that is unknown a priori and V t is associated with an individual finger. Therefore we explore the relationship between fluid input (Li) and fingertip velocity at the experimental scale. Measurements presented in Figure 9 are averaged by experiment to produce an experimental scale average fingertip velocity (Vave), which describes the significant disconnected fingers in each experiment (Table !) . From the results presented above, Vav e is expected to exhibit a functional relationship with LiG a. As is shown in Figure 10 , data appear shifted to the left of (6), implying that Li consistently underestimates average Lf. Instability concentrates fluid from the distributed front into individual fingers; hence initial tip length may be greater than the initial depth of infiltration as described by Li. The amount of concentration will be a function of the number of fingers, finger width, structure of the front, and amount of fluid lost wetting the fracture. As a result, experimental scale data are expected to display a less distinct functional form than seen at the local scale (Figures 8 and 9 ). Simple theory (equation (5) Observed correlation between finger width and L i is believed to be related to damping of initial perturbations, as discussed briefly in a previous section. The fluid application process initially introduces a characteristic perturbation wavelength of approximately 1.6 cm due to the syringe spacing. As imbibition proceeds, damping stretches this initial wavelength. The amount of damping appears to be related to the distance traveled as a stable front, which will increase with Li. Therefore finger width should also increase with L•, a result consistent with experimental observations (Figure 11 ). Due to damping during imbibition, one half the initial perturbation wavelength (A a/2 '--0.8 cm) should provide an estimate of the minimum finger width expected. Experimental results were consistent with this approximation; the smallest finger width observed was 1.028 cm (experiment 25). In natural systems, finite amplitude disturbances are expected to be the rule rather than the exception; therefore prediction of finger width will require an understanding of both the mechanisms responsible for inducing perturbations and subsequent damping during stable infiltration.
Hypothetical Field Scenario
To illustrate the potential implications of gravity-driven instability, we propose a hypothetical scenario where spa-tially extensive, nonhorizontal fractures similar to the analog fracture used in this study dissect an initially dry, lowpermeability rock unit and are exposed at the surface. A sudden rainfall event over such terrain would likely result in surface ponding, creating a boundary condition analogous to the slug input boundary considered in the experiments presented here. For illustrative purposes we assume that each meter of fracture length is supplied by a square meter of run-off area, and that fluid transfer to the fracture is lossfree. Under such conditions, a very small rainfall event of 0.001-0.0085 cm would produce applied fluid depths (Li) of about 5-40 cm. Local heterogeneity along the surface exposure would create point connections into the fracture, resulting in perturbations to the front analogous to those induced by our experimental procedure. Small infiltration events, such as that considered here, would become unstable a short distance into the fracture (--•5-40 cm). The resultant fingers would probably then advance an additional ---1-10 m along the fracture before the fingertips would freeze in place. The short-term wetted structure would be moistened to field capacity of the fracture and resemble a comb, consisting of a backbone along the surface and fingers extending downgradient, ending in the fingertips. By analogy to porous media studies [Glass et al., 1989c] , such a wetted structure may provide preferred flow paths for subsequent infiltration events.
Conclusions
Using a natural fracture sample, we have established that gravity-driven instability can occur in nonhorizontal, unsaturated fractures and is a separate process from heterogeneity-induced channeling. To explore gravity-driven instability, a systematic experimental approach was developed using a transparent analog rough-wailed fracture. Under dry initial conditions, gravity-driven instability was shown to result from three different boundary conditions: redistribution of flow at the cessation of a stable infiltration event, inversion of a stable, density-stratified system (air overlying water), and infiltration flow at less than the gravity-driven The structure of the wetting front at the onset of instability appears to have a significant effect on development of fingers. The number of fingers formed and their spatial distribution exhibited strong correlation with the distribution and magnitude of finite amplitude perturbations to the wetting front at the onset of instability. At first order, finger width appears to be a function of perturbation size at the onset of instability. The influence of L i is apparently limited to damping of the initial perturbations during the initial, stable infiltration phase, while gravitational gradient does not appear to affect finger width to any significant degree. Linear stability theory derived for smooth-walled HeleShaw cells may provide a lower bound on finger width.
